Objective: To assess the applicability of magnetic resonance imaging (MRI) to complement ultrasound in the diagnosis of fetal urinary tract anomalies. Methods: This was a retrospective cohort study that included 41 women between 19 weeks and 37 weeks and 6 days of gestation carrying fetuses with malformations of the urinary tract which were initially diagnosed by ultrasound and then referred for MRI. In all cases, the diagnosis was confirmed after birth either through imaging or autopsy. A surface coil was positioned over the abdomen and T2-weighted sequences were obtained in the axial, coronal, and sagittal planes; T1 in at least one plane; and three-dimensional (3-D) TRUFI in fetuses with dilatation of the urinary tract. Results: Mean gestational age at the time of MRI examination was 28.21 weeks. The rapid T2 sequences allowed all the anomalies of the fetal urinary tract to be assessed, whereas 3-D TRUFI sequencing proved very useful in evaluating anomalies involving dilatation of the urinary tract. The signs of pulmonary hypoplasia characterized by hypointense signal in the T2-weighted sequences were identified in 13 of the 41 fetuses. Conclusion: MRI confirmed and added information to the ultrasound regarding fetal urinary tract anomalies, as well as information related to the other associated malformations, their progress in the prenatal period, and possible postnatal prognosis.
Congenital genitourinary anomalies account for 14%e 40% of the anomalies detected during prenatal ultrasound and are responsible for approximately 40% of cases of renal insufficiency in childhood [1, 2] . These abnormalities exhibit varying degrees of morbidity from multicystic dysplastic kidney, vesicoureteral reflux, and hydronephrosis, which promote dysfunctions that can develop into chronic diseases and kidney failure, to bilateral renal agenesis, which is incompatible with life [3e5]. Early diagnosis of these anomalies can prevent kidney dysfunction and improve the child's quality of life.
Among the anatomical changes of the urinary tract, there is a spectrum of abnormalities ranging from multicystic dysplastic kidney, vesicoureteral reflux, and obstruction to renal failure and agenesis with outcomes ranging from chronic renal failure to death [6e8] . Ultrasound is an excellent method for evaluating the fetal urinary tract [3] ; however, there are some situations wherein its use is limited, particularly when it is indicative but not conclusive. Some of the technical difficulties that can limit the use of ultrasound are inadequate fetal positioning, maternal obesity, bone overlap, and oligohydramnios.
Magnetic resonance imaging (MRI) is a noninvasive method of physical examination that does not use ionizing radiation. It provides good contrast resolution [9e13] without harmful effects to fetuses exposed to electromagnetic fields of up to 1.5 T [14, 15] . With the development of faster sequencing, an additional assessment of fetal anomalies by MRI has increased in recent years [14, 16, 17] , enabling multiplanar assessment, regardless of fetal positioning, to assist in prenatal management and counseling.
An early diagnosis of fetal urinary tract anomalies is essential for timely clinical treatment and surgery. Consequently, detection during the fetal period contributes to family counseling and pregnancy planning, enabling the birth to be referred to a tertiary center with a specialized multidisciplinary team, likely decreasing perinatal morbidity and mortality. The objective of the present study was to evaluate the applicability of MRI as a complement to ultrasound in diagnosing different types of fetal urinary tract anomalies.
Methods
A retrospective cohort study was conducted at the Cl ınica de Diagn ostico por Imagem (CDPI) in Rio de Janeiro, Brazil from July 2010-December 2012. Pregnant women between 19 weeks and 37 weeks and 6 days were referred by the Fernandes Figueira Institute/Oswaldo Cruz Foundation and private clinics after obstetric ultrasound suggested anomalies in the fetal urinary tract and were referred for MRI to clarify the diagnosis. The present study was approved by the Research Ethics Committee of the Fernandes Figueira Institute. Data were collected from the women's CDPI medical records, with the permission of the women who agreed to participate voluntarily in the study and signed the informed consent forms.
MRI examinations were performed using 1.5-T Magnetom Avanto and Magnetom Aera devices (Siemens, Erlangen, Germany). A surface coil was positioned on the woman's abdomen, and the test was conducted with the pregnant woman laying on her back or left side. The fetal position was defined from localizing sequences in the axial, coronal, and sagittal planes. All the exams were conducted according to a basic routine composed of T2-weighted images of the axial, coronal, and sagittal planes and T1-weighted images in at least one plane. Each sequence lasted approximately 20 s, and the total examination time lasted 20 min; intravenous contrast was not used.
T2-weighted sequences were performed (repetition time (RT) ¼ 140 ms and time of echo (TE) ¼ 140 ms; field of view (FoV) ¼ 200e300 mm, 256 Â 256 mm matrix) with 4mm-thick slices, 18 s acquisition time, and 40 slices in the axial, coronal, and sagittal planes of the fetus. Threedimensional (3-D) TRUFI-weighted sequences were performed (RT ¼ 3.16 ms and TE ¼ 1.4 ms; FoV ¼ 340 mm, 256 Â 90e256 mm matrix) with 1.5-mm-thick slices, 18 s acquisition time, and 96 slices in the axial, coronal, and sagittal planes of the fetus. T1-weighted sequences were performed (RT ¼ 201 ms and TE ¼ 4.72 ms; FoV ¼ 250e 400 mm, 256 Â 90e256 mm matrix) with 3-to 7-mm-thick slices in at least one plane (axial, coronal, or sagittal) of the fetus.
MRI studies were directed by a multidisciplinary team of pediatric radiologists and fetal MRI radiology specialist who defined fetal urinary anomalies and associated malformations. In MRI, the pyelocalyceal system, ureters, and bladder were identified as hyperintense structures in the T2-weighted sequences and as hypointense in T1. The intestinal loops were identified as serpiginous structures with variable signal strength, depending on the presence or absence of meconium. The fetal urinary tract was systematically evaluated by identifying the amount of amniotic fluid, location and dimensions of the kidneys, presence of dysplastic changes, dilation of the pyelocalyceal system and ureters, bladder, sex of the fetus, and possible failed closures in the lower abdominal wall, in addition to the volume and signal intensity of the lungs and presence of ascites and meconium in the rectum in the T1-weighted sequences. Detailed analysis was also performed of the other organs and systems to identify possible associated malformations of the musculoskeletal, cardiac, and central nervous systems.
All the prenatal diagnoses were confirmed in the postnatal period through imaging in the newborns (X-ray, ultrasound, MRI, or CT scan) or autopsy when the fetus did not survive.
Results
Forty-one pregnant women with a mean gestation of 28.21 weeks AE 4.84 days were selected. Twenty-five fetuses (61%) were male and 16 (39%) were female. Seven fetuses (17.1%) had renal dysplasia (Figure 1 Figure 9 ), 2 (4.8%) had multicystic dysplastic kidney (1 unilateral and 1 bilateral) ( Figure 10 ), and 2 (4.8%) had bilateral hydroureteronephrosis without signs of bladder outlet obstruction ( Figure 11 ). The rapid T2 sequences allowed all the anomalies of the fetal urinary tract to be assessed, while 3-D TRUFI sequencing proved useful in evaluating anomalies involving dilatation of the urinary tract. T1-weighted sequences were useful as complementary images to the fetal anatomic study, particularly in the evaluation of the gastrointestinal tract and liver.
The signs of pulmonary hypoplasia characterized by hypointense signals in the T2-weighted sequences were identified in 13 of the 41 fetuses studied, corresponding to 31.7% of cases, and pulmonary hypoplasia was confirmed in the postnatal period in all of these cases. In all of these 13 fetuses, oligohydramnios or anhydramnios was identified. Of these fetuses, 7 were male and 6 were female. Notable among the anomalies that also presented pulmonary hypoplasia were 6 fetuses with bilateral renal agenesis, 2 with posterior urethral valve, 1 with autosomal recessive polycystic kidney disease, 3 with renal dysplasia, and 1 with bilateral multicystic dysplastic kidney (Table 1) .
Other malformations were diagnosed in 7 fetuses, corresponding to 17.1% of cases. Of this subset, 4 cases had musculoskeletal abnormalities (2 congenital clubfoot, one agenesis of the left hand, and one shortening of the long bones), 1 cardiomegaly, 1 dilatation of the supratentorial ventricular system, and 1 umbilical cord cyst ( Table 2) .
Discussion
MRI is a method that provides high tissue differentiation with excellent anatomical details, multiplanar acquisition, and 3-D reconstructions [18] . With the advent of rapid sequences with short acquisition time, the use of MRI in fetal evaluation has considerably evolved since the first works published by Smith et al [19] . The pioneering study on the assessment of the fetal urinary tract was conducted by Hennig et al [20] , and recent studies have described the applicability of fetal MRI in the assessment of genitourinary abnormalities [21, 22] .
The present study evaluated the anomalies of the fetal urinary tract by MRI, with special interest in analyzing the most commonly used sequences, the most frequent anomalies, and associated malformations. Ultrasound provides diagnostic accuracy for the majority of fetal abnormalities [23, 24] ; however, many urinary tract anomalies occur together with oligohydramnios, which make it difficult to perform ultrasound examination. This group of anomalies benefits from MRI, and recent study have found that under these circumstances, MRI provides important additional diagnostic information to increase accuracy [25] . In our study, the pregnant women referred for fetal MRI to evaluate the fetal urinary tract had a minimum age of 18 years; they were evaluated between 19 weeks and 37 weeks and 6 days of pregnancy; and the ultrasound exhibited limitations due to oligohydramnios and anhydramnios [17, 26] . This explains a higher prevalence of associated malformations in cases of renal dysplasia and bilateral renal agenesis in our study.
According to Dias et al [7] , the most frequently diagnosed urinary tract abnormalities are ureteropelvic junction obstruction, multicystic dysplastic kidney, posterior urethral valve, ureterocele, vesicoureteral reflux, and primary megaureter. Our findings corroborate their study; however, we grouped the cases of vesicoureteral reflux and megaureter together with the cases of hydronephrosis without any signs of bladder outlet obstruction because these anomalies can only be differentiated in the postnatal period through additional studies such as urethrocystography and scintigraphy.
The high prevalence of fetal hydronephrosis being diagnosed by ultrasound, which is reported in the literature as approximately 1%e2% of gestations [2, 3] , is consistent with our high case series of 31.7% of the fetuses that were referred because of dilatation of the urinary tract seen in the ultrasound.
Cannie et al [26] highlight the importance of prenatal prediction of pulmonary hypoplasia as a very important factor in postnatal survival. One-third of our sample showed significant deterioration of renal function due to dysplasia, agenesis, or obstruction. In these cases, MRI is the method of choice because this anomaly is often associated with oligohydramnios and anhydramnios [9, 10] . In our study, we used the presence of hypointense signal in T2-weighted sequences as a prenatal predictor of pulmonary hypoplasia in fetuses with abnormalities of the urinary tract, which showed 100% accuracy. Brewerton et al [27] determined reference values for the lung-to-liver signal intensity ratio in fetuses between 16-40 weeks of gestation using MRI and validated these reference values in 10 fetuses with pulmonary hypoplasia associated with different fetal malformations confirmed by autopsy. For all the hypoplastic lungs in fetuses at or beyond 25 weeks of gestation, the lung-to-liver signal intensity ratio was outside the lower limit of the 95% confidence interval for the normal population. The distinction between hypoplastic and healthy lungs with less than 25 weeks of gestation was less definitive. Terui et al [28] evaluated the signal intensity of fetal lungs using MRI as a predictor of prognosis in fetuses with congenital diaphragmatic hernia. Twelve fetuses with congenital diaphragmatic hernia between 29-37 weeks of gestation were evaluated, and the relationship between lung and spinal fluid signal intensities was calculated using the analysis of the region of interest in T2-weighted images. The ratio was significantly higher in survivors than in stillbirths because in the survivors, the relationship significantly correlated with the duration of tracheal intubation.
Fetal malformations associated with abnormalities of the urinary tract can be observed by MRI. Levine et al [29] highlighted the high accuracy of MRI in diagnosing central nervous system abnormalities. Despite our study to show ultrasound and MRI with of 100% of diagnose of musculoskeletal anomalies, the literature emphasize that those anomalies affecting the extremities (hands and feet) and heart are better diagnosed by ultrasound [30, 31] .
To evaluate the anomalies of the fetal urinary tract, the protocol used in the present study was based on the fast T2weighted sequences and 3-D TRUFI sequencing in the cases of hydronephrosis. We noted that MRI confirmed the ultrasound findings and added relevant information about the anomalies and their impacts on the developing fetus and possible postnatal prognosis. We also found that T1weighted sequences were useful as complementary images to the fetal anatomic study, particularly in evaluating the gastrointestinal tract and liver.
In summary, the detailed characterization of the anomalies of the fetal urinary tract via ultrasound is recommended, and if there are difficulties in performing this exam and/or better characterizing the anomaly, an MRI should be performed after 20 weeks of gestation. The results of the present study confirmed the efficacy of MRI in evaluating a wide 
